Measles virus (MV) is the seventh leading cause of childhood mortality worldwide (6) , infecting more than 40 million children and leading to approximately one million deaths each year (4, 5, 9) . In addition to causing an acute respiratory infection, measles is associated with a profound, transient suppression of cell-mediated immunity. Immunosuppression contributes to the major complications from measles: pneumonia, diarrhea, and other secondary infections (12, 20, 45) . In rare cases, measles can also cause encephalitis or persistent infection of the central nervous system (20, 49) . Although an effective vaccine is available, the extreme infectiousness of the agent, combined with reduced vaccine efficacy in young infants, contributes to the continuing circulation of MV in human populations (2, 14, 19, 31, 42) .
The Edmonston MV was isolated in 1954 on primary human kidney cells (20) . Following an extensive period of cocultivation a virus isolate that caused cytopathic effects (syncytium formation) was recovered. The Edmonston isolate was subsequently adapted to African green monkey kidney (Vero) cells, a process that attenuates MV (41) . MV vaccines are attenuated in a similar manner by passage on human kidney and human amnion followed by multiple passages on chicken embryo fibroblasts (20) . Laboratory strains of MV that have been grown in the same way as Edmonston have been extensively characterized and form the basis of current knowledge about MV tropism, replication, pathogenesis, and receptor usage.
Studying the interaction between a virus and its receptor(s) can provide key insights into the pathogenesis of a viral infection and can also provide targets for designing drugs that prevent infection. For MV, the viral hemagglutinin (H) glycoprotein binds directly to the cellular receptor (15, 46, 57) . The viral fusion (F) glycoprotein contains a putative hydrophobic fusion peptide, which triggers fusion between the virus and host cell membranes at neutral pH (38, 57) . The cellular receptor for laboratory strains of MV is membrane cofactor protein (CD46) (16, 39, 43, 44) . CD46, a transmembrane glycoprotein of approximately 57 67 kDa, is a member of the regulators of complement activation (RCA) superfamily of complement-binding proteins (55) . RCA proteins protect host cells from autologous complement by binding activated complement components and preventing their deposition on the host cell surface (22, 36, 37) . CD46 expression allows binding, entry, and replication of laboratory strains such as Edmonston and Halle in normally nonsusceptible rodent cells (16, 39, 43) .
The extracellular domain of CD46 includes four conserved modules called short consensus repeats (SCRs) that are typically found in RCA proteins (36, 37) . Laboratory isolates of MV bind to regions within SCRs 1 and 2 of CD46 (10, 24, 40) . Mutant CD46 proteins with deletions in SCR 1 or SCR 2 cannot bind to MV or allow MV entry (1, 40) . In addition, antibodies recognizing CD46 SCRs 1 and 2 inhibit MV infection (13, 23, 40) .
Following identification of the CD46 receptor for laboratory MV strains (16, 39, 43) , it was suggested that CD46 does not serve as receptor for all MV strains (35, 59) . While traditional isolation of MV utilizes Vero cells, recently rapid isolation of MV from patient samples has been performed using the Epstein-Barr virus (EBV)-transformed marmoset B-cell line B95-8 (34), the human immortalized B lymphoma cell line BJAB (7, 53) , or the human EBV-transformed B-cell line Daikiki (M. L. Celma and R. Fernandez-Muñoz, unpublished observations). Often the resulting B-cell-adapted isolates are unable to infect CD46-expressing, nonlymphoid cell lines such as Vero or HeLa (35) . In addition, some B-cell-adapted isolates are not inhibited by anti-CD46 antibody (7, 25) . Together, these findings suggested that CD46, which is expressed on HeLa and Vero cells, is the receptor for vaccine or laboratorypassaged strains but not the receptor for these B-lymphotrophic isolates of MV (11, 25, 35) .
To determine whether CD46 is used by strains of MV cir-culating in the human population and if receptor usage is affected by passage on commonly used cell lines, we studied virus tropism, interaction with CD46, and sequence changes among MVs isolated and passaged on either primary human peripheral blood lymphocytes, marmoset B lymphocytes, or Vero cells. Given that RNA viruses have relatively high mutation rates, allowing the potential for frequent generation of variants, we reasoned that laboratory culture conditions could constitute a powerful selective pressure affecting receptor usage. Our studies indicate that primary MV isolates, when taken from patients and cultured on primary human peripheral blood mononuclear cells (PBMCs), retain the use of CD46. In contrast, patient isolates adapted to B95-8 cells gain the use of an additional, unidentified receptor. We also present evidence that the binding affinity of patient isolates for target cells is low and that the strength of the interaction is influenced by amino acid 481 in the MV H.
MATERIALS AND METHODS
Viruses and cells. Edmonston MV was obtained from the American Type Culture Collection (ATCC, Manassas, Va.) and passaged at low multiplicity on Vero (African green monkey kidney) cells as described earlier (39) . MV isolates Chicago-1, Ill, Pal, 1086, and NJ and were grown on Vero cells. The isolates JW and IV were obtained by cocultivating PBMCs, taken during acute measles when patients displayed the characteristic rash, with human umbilical cord PBMCs (18) . Further passages were performed on fresh adult human PBMCs. PBMC cultures were maintained in RPMI 1640 medium supplemented with 10% fetal bovine serum (FBS), 2 mM L-glutamine, and 10 g of phytohemagglutinin (PHA-P; Difco, Detroit, MI) per ml. The stock JW and IV isolates were not grown in tissue culture cell lines. The isolates FV93 and BCL94 were obtained from patient throat swabs (50, 51) and were grown on B95-8 marmoset B lymphocytes obtained from the ATCC. B95-8 cells were maintained in RPMI 1640 medium supplemented with 2 mM L-glutamine and 7% FBS. CHO cells expressing the BC1 isoform of CD46 were grown in Ham F-12 medium supplemented with 10% fetal calf serum, 2 mM L-glutamine, and 500 g of G418 sulfate (Geneticin; Gibco-BRL) per ml.
Infection of cells and titration of wild-type MVs. For MV isolates that had been adapted to Vero cells, standard plaque assays were performed on Vero cells in six-well dishes as described elsewhere (39) . For viruses that did not form plaques on Vero cells, the lower limit of detection in the plaque assay was Ͻ30 PFU/ml.
For viruses that grew only on B95-8 or PBMCs, titration was performed by 50% tissue culture infectious dose (TCID 50 ) assay as described earlier (18, 30) . For experiments that compared Edmonston or other Vero-adapted viruses directly to PBMC or B95-8 adapted viruses, the TCID 50 of all the viruses was determined on human PBMCs, and that value was used to determine the amount of virus inoculum used in the experiment.
For infection of Vero or CHO-CD46 cells (Table 1) , cells were plated on glass coverslips and inoculated at a multiplicity of infection (MOI) of 0.1 and allowed to incubate at 37°C for 2 to 4 days. Cells were stained for immunofluorescence by using a human polyclonal antiserum as described earlier (39) .
MLR and infection of CD46 ؉ mouse splenocytes. CD46-transgenic mice (FVB/N [H-2 q ]) were used that contained a genomic copy of the human CD46 gene (47) . Spleens from CD46 transgenic or nontransgenic littermates were harvested, and single-cell suspensions prepared by passage through a 70-m (pore-size) sterile mesh. Erythrocytes were removed by a 5-min incubation in 0.83% ammonium chloride-1 mM HEPES. The remaining cells were stimulated in a mixed lymphocyte reaction (MLR) by cocultivation with an equal number of gamma-irradiated (3,000 R) splenocytes from C57BL/6J (H-2 b ) mice (21) . After 1 day of stimulation, splenocytes were infected with MV at 0.1 TCID 50 /cell. After 3 days at 37°C, splenocytes were analyzed for expression of MV antigens by flow cytometry using human polyclonal antiserum recognizing MV, followed by use of fluorescein isothiocyanate (FITC)-conjugated anti-human F(abЈ) 2 secondary antibody (39) . Samples were analyzed using a FACScan flow cytometer and CellQuest software (Becton Dickinson, Mountain View, Calif.).
Blocking MV infection with CD46 MAb. Monoclonal antibodies (MAbs) against CD46 were prepared from hybridoma tissue culture supernatants. Serial 10-fold dilutions of MAb in RPMI medium containing 10% FBS were incubated with 10
5 PBMCs for 30 min on ice in a round-bottom 96-well plate. Cells were incubated with 10-fold dilutions of MVs also diluted in RPMI-10% FBS at 37°C for 1 h. Cells were washed three times in phosphate-buffered saline (PBS). After the last wash, cells were resuspended in RPMI-10% FBS with 10 g PHA-P per ml. The TCID 50 was calculated following a 4-day incubation at 37°C. All assays were performed in triplicate.
Adaptation of clinical MV isolates to B95-8 and Vero cells. The JW and IV isolates of MV were adapted from PBMCs to B95-8 cells by serial low-MOI passage. Cells were incubated with virus at an MOI of 0.01 TCID 50 /cell for 1 h, followed by incubation at 37°C for 3 days or until a cytopathic effect was observed. Virus was isolated from the supernatant and stored in aliquots at Ϫ70°C. Passaged virus was titered by TCID 50 assay on B95-8 cells.
JW, IV, FV93, and BCL94 isolates were adapted to Vero cells using the following procedure. Viruses were incubated with Vero cells in T25 flasks at an MOI of 0.01 TCID 50 /cell. After 7 days, cells were harvested, frozen, and thawed, and the clarified supernatant was stored in aliquots at Ϫ70°C (passage 1). An aliquot (0.5 ml) was added to 7 ϫ 10 5 fresh Vero cells plated in a T25 flask. After another 7 days, the cells were again harvested and frozen (passage 2). This procedure was repeated up to 10 successive times. For some viruses cytopathicity was observed after a few passages, in which case cultures were harvested earlier than 7 days.
Sequence determination of H gene from wild-type MVs. The sequence of the JW and IV isolates H gene was determined by reverse transcription (RT)-PCR from RNA prepared from infected PBMCs. For sequencing MV H gene from Vero or B95-8-adapted MVs, total RNA was prepared from cells infected with adapted JW, IV, FV93, and BCL94. The H gene sequence was determined as described above. RNA was harvested at day 4 postinfection by using Tri-reagent (MRC, Inc., Cincinnati, Ohio). cDNA was synthesized using total RNA (500 ng), Moloney murine leukemia virus-RT, and random hexamer oligonucleotide primers. PCR of the MV-H gene was performed on the cDNA template using the following primers: upstream, 5Ј-TCCCTCGAGGTAGTTAATTAAAACTTAG GGTGCAAG-3Ј; and downstream, 5Ј-TTCACACTAGTCGGTATGCCTGAT GTCTGG-3Ј. Amplification conditions were as follows: 95°C for 1 min, 55°C for 1 min, and 72°C for 1 min, for a total of 20 cycles. Following amplification, the 1.9-kb PCR product was separated on agarose gel, isolated, and purified by using Geneclean (Bio 101, Vista, Calif.). The purified PCR product was ligated into the TA cloning vector and transformed into the Escherichia coli Top10 strain (Invitrogen, Carlsbad, Calif.). Ten individual clones were picked, and DNA sequencing was performed using the thermal cycle sequencing kit (Amersham, Cleveland, Ohio) and 33 P-labeled dideoxynucleotides. Sequencing was also performed by the Protein and Nucleic Acid Core Facility at The Scripps Research Institute. Sequences were analyzed using MacVector software. The Edmonston MV sequence used for comparison was GenBank accession number K01711. The novel GenBank accession number for the H sequence of the JW isolate is AF218821 and for IV is AF218822. Genotypes for JW and IV viruses were assigned by comparison to the World Health Organization reference panel for MV isolates (3) .
Binding assays. Fluorescence-activated cell sorting (FACS) binding assays were performed essentially as reported earlier (40), with the following modifications. Virus isolates were prepared on a discontinuous 60%-20% sucrose gradient. The titer was determined by plaque assay (for viruses grown on Vero cells) and by TCID 50 assay (for viruses grown on B95-8 or PBMCs). Protein concentration (in micrograms per milliliter) for the purified viruses was determined by Bradford assay. For the binding assays, 2.5, 1.25, or 0.25 g of purified virus was incubated overnight with 10 5 human PBMCs or else splenocytes from YAC-CD46-transgenic or nontransgenic mice (47) at 4°C in RPMI medium containing 10% fetal calf serum. The cells were washed four times in ice-cold medium, incubated on ice for 1 h in the presence of MAb to MV-H (48), followed by goat anti-mouse F(abЈ) 2 antibody conjugated to FITC. Cells were again washed in medium, fixed in 1% paraformaldehyde-PBS, and analyzed by flow cytometry using Cell Quest software (Becton Dickinson). For CD46-dependent binding to transgenic mouse splenocytes, the percentage of CD46 ϩ cells with virus bound, minus the background binding of the same virus preparation to CD46-nontransgenic cells, was calculated and then compared to the level of CD46-specific binding seen for MV Edmonston, set at 100%. Analysis was performed by gating on the live lymphocyte population and collecting a minimum of 5,000 events.
RESULTS

Interaction of wild-type MV with CD46-expressing cells.
The Halle and Edmonston laboratory strains of MV were used to identify CD46 as the MV receptor (16, 39, 43, 44) . We investigated whether CD46 receptor usage extended to wildtype isolates of MV prior to and after laboratory culture on cell lines. The MV isolates used are representatives of various MV genotypes (Table 1) . For the purpose of this study the MV isolates were also divided into four groups based on their passage history (Table 1) . MV Edmonston represents group 1 laboratory strains that were adapted to Vero cells for more than 50 passages. Group 2 isolates are recently isolated MV strains that have been minimally adapted to Vero cell culture (Ͻ10 passages) and include MV strains Chicago-1, Ill, Pal, 1086, and NJ. Group 3 MV isolates are recent isolates that have been passaged only on primary human peripheral blood lymphocytes and not on lymphocyte cell lines or human or primate fibroblasts. Group 4 MV isolates are recent MV iso-lates adapted to marmoset B95-8 cells. B95-8 lymphocytes have a marmoset CD46 homolog, and this molecule is recognized by polyclonal antibodies but not the MAbs against human CD46 that were tested (reference 25 and M.M., data not shown). In addition, the marmoset CD46 homolog expressed on B95-8 cells often lacks the SCR-1 domain, a component known to be essential for binding of Edmonston and Halle (group 1) MVs (24). Thus, it was important to determine whether viruses isolated and passaged on marmoset B95-8 lymphocytes demonstrate a receptor tropism similar to that of wild-type, PBMC-passaged MV isolates.
The isolates listed in Table 1 were first tested for their ability to infect fibroblast-like Vero cells expressing the African green monkey CD46 homologue shown to be a receptor for Edmonston and Halle MV isolates, epithelial-cell-like HeLa cells expressing human CD46, or Chinese hamster ovary (CHO) transfectants expressing the human BC1 isoform of CD46. CHO cells are permissive to Edmonston and Halle (group 1) MV infection only when they express the human CD46 receptor (16, 39, 43) . The MV isolates that had been adapted to Vero cells (groups 1 and 2) were able to infect HeLa cells and CHO transfectants expressing human CD46 (Table 1) . These virus strains demonstrated expression of viral proteins as measured by immunofluorescence, syncytium formation (cell-cell fusion), and production of virions. In contrast, none of the group 3 or group 4 MV isolates were able to productively infect either CHO-CD46 transfectants, HeLa cells, or Vero cells, even when their titers on human PBMCs were equal to or higher than that for MV Edmonston (Table 1) . These results indicate that CD46 is not sufficient to allow a complete round of replication of group 3 and 4 clinical MV isolates in nonlymphoid cells. Several hypotheses can be advanced to explain the failure of group 3 and 4 clinical MVs to infect CD46-expressing, nonlymphoid cells. One possibility is that group 3 and 4 MVs do not use CD46 as the cellular receptor. Alternatively, group 3 and 4 MVs could use CD46 but require additional cell surface cofactors for entry into fibroblast cells. It is also possible that group 3 and 4 MV isolates utilize CD46 and enter cells but that their replication is restricted in nonlymphoid cells at a postentry step.
Infection of CD46-expressing lymphoid cells by patient isolates of MV. To determine whether MV isolates in groups 3 and 4 use CD46 as a receptor on lymphoid cells, splenocytes from transgenic mice expressing a human genomic copy of CD46 were examined ( Fig. 1) (47) . Splenocytes from the CD46-transgenic mice express CD46 at levels similar to those for human PBMC and with a similar uniform distribution within cells in the PBMC population, including B cells, T cells, and monocytes (reference 47 and data not shown). CD46-expressing or nontransgenic splenocytes were stimulated in vitro by MLR. Previous results indicate that lymphocytes from CD46-transgenic mice require stimulation by MLR in order to support maximum MV replication (21) . The percentage of CD46 ϩ or nontransgenic cells expressing MV antigens at 3 days postinfection is shown in Fig. 1 . The isolates Edmonston (group 1), JW and IV (group 3), and FV93 and BCL94 (group 4) were able to infect CD46 ϩ splenocytes to various degrees but did not infect nontransgenic lymphocytes. The group 4 strain FV93 infected fewer CD46-transgenic lymphocytes than the group 4 strain BCL94; however, this may reflect the dimin- 
Inhibition of infection by anti-CD46 antibody.
A number of studies have indicated that antibodies against CD46 cannot block infection by group 4 MV isolates adapted to B95-8 (marmoset) or BJAB (human) B-cell lines. The same antibodies, however, block infection by group 1 laboratory strains (7, 25 ). An anti-CD46 SCR1 antibody (E4.3) known to block Edmonston MV infection of CD46-expressing CHO cells (40) was tested for its ability to inhibit infection of human PBMCs by JW and IV (group 3), FV93 and BCL94 (group 4), and Edmonston (group 1) isolates ( Fig. 2A) . A 100-fold reduction of the TCID 50 on human PBMCs for MV-JW and IV and MVEdmonston was seen with the highest level of E4. 3 
antibody, similar to what occurs with MV-Edmonston infection of Vero or HeLa cells (39, 40). A control MAb against influenza hemagglutinin did not inhibit MV-JW infection (data not shown).
In contrast, little or no inhibition of FV93 and BCL94 (group 4) MVs was detected. Additional experiments were performed with anti-SCR1 MAb Tra-2-10, which also blocks Edmonston MV infection of HeLa cells (40) . Tra-2-10 inhibited the titers of Edmonston by 100-fold in the TCID 50 assay and JW by 20-fold but did not inhibit FV93 or BCL94 (data not shown). These results suggest that while group 4 viruses can infect cells via CD46 as shown in Fig. 1 , they may also use another receptor when CD46 is not available.
To determine whether the failure of group 4 isolates to be inhibited by anti-CD46 antibody arose as a consequence of passaging MV on marmoset B95-8 cells, the group 3 JW isolate was passaged five successive times on marmoset B95-8 cells. The initial titer of the isolate was 10 4.5 TCID 50 /ml. Following the first passage on B95-8, the JW virus recovered had a titer of 10 2.83 TCID 50 /ml, an almost 100-fold reduction. (25, 35) . To identify whether differences in receptor usage and cell tropism between PBMC-passaged (group 3), B95-8-passaged (group 4), and Veropassaged isolates (groups 1 and 2) correlated with the sequence of the H protein, the sequence of the entire H coding region was determined. Amino acid sequence differences between Edmonston and the other isolates are shown ( Table 2 ). The following nucleotide sequence divergences from Edmonston MV within the H gene were found for the various isolates: Chicago-1, 1.9%; JW, 3.1%; IV, 2.6%; FV93, 1.9%; and BCL94, 1.9%. The diversity of sequences within MV H for the different isolates reflects the fact that the MV isolates used in this study are representatives of a variety of MV genotypes (Table 2 ). For example, at positions such as 211 and 243 the recent MV isolates (groups 2 to 4) all share an amino acid different from that of Edmonston. Changes at these positions are genotype specific and not passage history specific (50, 52) . At position 481, however, mutation of N to Y indicates a specific adaptation that sometimes arises during long-term growth on Vero cells (25, 35) . Table 2 shows that after 10 passages on Vero cells, JW and IV variants had converted to Y481, which was encoded by a codon change from AAC (N) to TAC (Y) at the corresponding nucleotide positions. Interestingly, both FV93 and BCL94, like Chicago-1, still retained N481 after 10 passages on Vero cells. Preliminary studies analyzing the HA sequence of the FV93-B95-8 and BCL94-B958 passaged isolates show no changes between the initial isolate and the passaged material (data not shown). Analysis of amino acid 481 demonstrates that the group 2, 3, and 4 viruses all have N481 prior to Vero cell passage and can use CD46 for infection. Thus, isolates with N481 can still utilize CD46, and the change to Y481 is not required for CD46 receptor usage.
Binding of wild-type MVs to target cells. We previously showed that it was possible to detect CD46-dependent MV binding to the cell surface by flow cytometry (40) . This assay was used to determine whether binding to CD46 correlated with sequence changes in the MV hemagglutinin. Figure 3 shows the binding of either 2.5, 1.25, or 0.25 g each (x axis of each panel) of the purified MVs to primary human PBMCs in comparison to cells incubated with 2.5 g of Edmonston MV, which was set at 100%. The binding of initial stocks and of viruses recovered after 10 successive passages on Vero cells was measured. Initial binding assays showed that Chicago-1, JW, IV, FV93, and BCL94 all had reduced binding capacity compared to Edmonston (Fig. 3, left panels) . Following 10 Vero passages, the binding of JW and IV Vero variants was increased compared to the original JW and IV isolates. In contrast, adapted FV93 and BCL94 Vero variants did not show increased binding compared to the initial B95-8-adapted isolates. Viruses with N481 had reduced binding (Chicago-1, JW, IV, FV93, BCL94, FV93 Vero, and BCL94 Vero; Fig. 3 and Table 2 ), and variants that acquired the tyrosine 481 substitution (JW Vero and IV Vero) had increased binding (Fig. 3) . To confirm that binding was CD46 dependent, binding assays were also performed comparing the binding of 1.25 g of each purified virus to splenocytes isolated from either CD46-transgenic or nontransgenic mice. For each virus the CD46-specific binding was calculated as described in Materials and Methods and compared to that of Edmonston, which was set at 100%: JW, 10%; IV, 18%; FV93, 21%; and BCL94, 25.5%. When CD46-transgenic splenocytes were used as the target cells, similar increases in binding were seen for JW Vero (to 31.8%) and IV Vero (to 42.5%) (data not shown). Interestingly, when the purified MVs were titered on PBMCs they all had similar infectious titers per microgram of purified virus (data not shown). These results indicate that the strength of attachment to the cell surface does not correlate with the ability to infect a particular cell type. Furthermore, the N481Y mutation correlates with increased binding to the cell surface.
DISCUSSION
We have shown that clinical isolates of MV grown on primary human PBMCs (group 3) use CD46 as a cellular receptor, as evidenced by their ability to infect murine lymphocytes in a CD46-dependent fashion and by the ability of antibodies specific for CD46 to inhibit infection. B95-8-adapted (group 4) MV isolates also infect transgenic murine lymphocytes in a CD46-dependent manner. However, a CD46-specific MAb directed against SCR 1 did not inhibit infection of human PBMC 
a Isolates: Ed, MV Edmonston, GenBank K01711; Chi, MV Chicago-1, GenBank M81895; JW, GenBank AF218821; IV, GenBank AF218822; FV93 (Ma93F), GenBank Z80813; BCL94 (Ma94B), GenBank Z80819.
by group 4 strains, as indicated by similar findings in previously published reports (7, 25, 35) . Cultivation of group 3 isolates on B95-8 cells selected for variants whose infection of human PBMCs was no longer inhibited by anti-CD46 antibody. Our data suggest that group 4 MVs can interact with an additional receptor or interact with CD46 in a novel manner and that this is an adaptive phenotypic change that arises when patient isolates are cultivated on B95-8 cells.
Our studies confirm that MV variants with altered receptor usage can be quickly selected in vitro. Although in the field MV demonstrates marked genetic stability, it has a mutation rate similar to that of other RNA viruses such as poliovirus and vesicular stomatitis virus (54) . Although B95-8 cells are more efficient for isolating MV from patient samples than Vero cells, the initial 100-fold reduction in titer seen when MV isolates are adapted from PBMCs to B95-8 cells, followed by the rebound in titer, confirms that selection occurs. Interestingly, the fact that B95-8-adapted viruses still enter mouse lymphocytes in a CD46-dependent manner indicates that dependence on CD46 is not completely lost but more likely that additional receptor usage is gained when CD46 is not available. We cannot, however, exclude the possibility that CD46 expression on murine lymphocytes increases the expression or accessibility of an unidentified coreceptor. The marmoset CD46 lacks a large portion of the MV-binding site (24, 28, 40) . Thus, when MV encounters marmoset B95-8 cells, it is possible that the absence of the normal MV binding site selects for MV variants that can use an alternative receptor. Since wild-type MVs bind to the cell surface weakly, the loss of a major portion of the binding domain of CD46 on B95-8 cells would have a greater impact on wild-type MVs than on MV Edmonston.
It is likely that the natural affinity of wild-type MVs for CD46 is relatively low, and the N481Y mutation leads not to a change in receptor specificity, as had been previously suggested, but to an increased affinity for CD46. MV isolates grown on PBMCs or B95-8 cells bound very weakly to PBMCs and were marginally detectable in the FACS binding assay that easily measures the binding of MV Edmonston. Nevertheless, MVs with H sequence N481 are fully able to infect fibroblasts (Chicago-1) or lymphocytes (group 3 and 4 MV isolates) in a CD46-dependent manner. However, variants that acquire the N481Y mutation demonstrate enhanced cell surface binding. Interestingly, a recent study identified amino acids 473 to 477 of MV-H as a critical binding region for CD46 (48) . Amino acids 473 to 477 are completely conserved among all MV strains used in this study. Therefore, binding of MV-H to CD46 is likely governed at least in part by interaction with the conserved region from amino acids 473 to 477, with the nearby residue 481 contributing to increased affinity. Binding of group 3 and 4 MV isolates is detectable in the FACS binding assay only in cells expressing extremely high levels of CD46, such as HeLa or human PBMCs, suggesting this is the likely reason why it is not possible to detect binding to CD46-CHO transfectants, which express 10-to 100-fold-less CD46 than human cells (M.M., data not shown). Experiments are underway to enhance the level of CD46 expression on transfected cells in order to resolve this issue.
It is common for pathogenic virus isolates from clinical specimens to have reduced cell surface binding affinity compared to their tissue culture-adapted counterparts. For example, pathogenic variants of polyomavirus bind to their receptor with lower affinity than their attenuated counterparts (8) . Sindbis virus variants that cause pathogenicity in vivo bind to their receptor weakly compared to attenuated strains that bind tightly to heparan sulfate (33) . For HIV-1, laboratory variants with enhanced CD4 receptor affinity arise upon in vitro culture (26, 27, 58) . It has been suggested that enhanced binding affinity may inhibit efficient virus spread in vivo by preventing efficient entry and/or egress and release of virions from the cell surface, thus attenuating the virus (8) . Recent data by Firsching et al. (17) suggest that relatively low levels of binding or membrane fusion are sufficient for transfer of MV genetic material into target cells. Thus, for MV, enhanced binding to the cell surface could constitute an important mechanism of attenuation for vaccine strains.
Obtaining field isolates of MV for genetic characterization is essential for accurate global surveillance and epidemiologic studies of MV. The B95-8 isolation procedure is extremely valuable for molecular epidemiologic studies as a rapid and convenient method for obtaining field isolates. The consistency of MV phylogenetic trees that examine multiple MV genes and include B95-8-adapted viruses indicates that MV isolation on B95-8 cells is appropriate for genotyping, especially when the sequences are obtained from freshly isolated virus. Nevertheless, our results indicate that even short periods of passage in B95-8 cells dramatically alter MV phenotypes and that in order to characterize phenotypes such as receptor usage and pathogenicity of MV isolates it is important to study MVs recently isolated in primary human cells.
With the exception of amino acid 481 in MV H, no single amino acid has been correlated with differential receptor binding affinity or receptor usage phenotypes (7, 25, 35, 56) . To support this, our preliminary studies of the H sequences from JW and IV viruses adapted to B95-8 cells do not reveal any adaptive changes (data not shown). One possible explanation is that nongenotypic changes such as glycosylation patterns may alter receptor usage. In support of this, differences in glycosylation patterns occur in transformed B-cell lines (for example, BJAB), in that the degree of sialic acid addition on glycoproteins correlates with the extent of cellular transformation (32) . Furthermore, small differences in sialic acid addition can dramatically influence glycoprotein functions such as virusreceptor interactions, antibody binding, and specificity (32) . An alternative possibility is that the MV F glycoprotein may play a role in determining cell tropism, as recently suggested by Johnston et al. (29) . Investigation of the F sequences from the JW and IV B95-8-adapted viruses is in progress. Finally, we cannot exclude the possibility that receptor usage and cell tropism in MVs grown in immortalized B cells might be influenced by host cell proteins derived from B cells and incorporated into the MV envelope.
Wild-type and laboratory MV isolates appear to be very different in their cell tropism; however, these differences are not manifested solely at the level of receptor usage. Postentry events in the MV replication cycle can also play an important role in determining the tropism of a given isolate (21) . That Edmonston laboratory MV can replicate in additional cell types indicates that it has adapted to use the cellular machinery of those cells without losing the ability to replicate in lymphoid cells. Determining how these new functions relate to virulence and attenuation will be an important step in understanding the mechanisms of measles pathogenesis.
